On April 9, 2013, the National Institute of Health sponsored a workshop in Washington DC with the following objectives (1) review the state-of-the-art knowledge of acute kidney injury (AKI) in neonates; and (2) determine the feasibility of studying this group in an organized prospective manner. This conference brought together experts from the fields of pediatric nephrology, neonatology, general pediatrics, industry, and professional organizations to get a broad perspective on the issues to be considered. Two white papers were published. The first, reports a framework whereby the scientific community can answer critical questions about how and when to evaluate neonates at risk for chronic kidney disease ([@B4]). The second, focused on the definition of neonatal AKI ([@B5]). Furthermore, this meeting solidified the need to develop a multi-center, multi-disciplinary, neonatal kidney collaborative.

Up until this time, the field of neonatal AKI was limited to small single center studies. The use of the staged AKI criteria had only just begun to be used in neonatal studies. Using these staged AKI definitions, small single-center neonatal studies of very low birth weight neonates ([@B6]--[@B11]), term asphyxiated infants ([@B12]--[@B15]), those who underwent extra-corporeal membrane oxygenation ([@B16]--[@B18]), and cardiac pulmonary bypass surgery ([@B19]--[@B22]) had rates of AKI between 10 and 83%. Consistently in these manuscripts, those with AKI had higher mortality than those without AKI; however, due to their relative small sample size, it was difficult to surmise the independent impact of AKI on survival after accounting for confounders.

At the American Society of Nephrology meeting in Atlanta Georgia on November 7, 2013, a group of pediatric nephrologist agreed to form a collaborative (27 and 5/7 weeks after conception at the NIH Neonatal AKI workshop). The following Spring at the Pediatric Academic Society in Vancouver, Canada we had our first official Neonatal Kidney Collaborative meeting. At this meeting interested neonatologist and nephrologist began to develop the mission, vision, strategy, and necessary infrastructure for sustained collaboration. Shortly thereafter, researchers who attended the NIH workshop, and those who were doing single-center neonatal AKI studies joined the group. The only criteria to join was a commitment to participate in a retrospective multi-center study, and an identified neonatology and pediatric nephrologist at the institution willing to work together on the project. Our short-term goals were simple: first, to develop an infrastructure for communication and knowledge acquisition; second, to perform a multi-center epidemiology study that would improve our understanding of the practice patterns, incidence, and outcome in neonates spanning the gestational age spectrum who were critically ill. Our long-term goal was to improve the short and long-term outcomes for neonates at risk for kidney disease.

With commitments from 24 centers, the Neonatal Kidney Collaborative worked to develop the questions, the data forms, the database and the committee infrastructure for our inaugural project, the Assessment of Worldwide Acute Kidney Epidemiology in Neonates (AWAKEN)[^1^](#fn0001){ref-type="fn"}. This acronym symbolizes our intention to "wake up" the community to the need to better understand neonatal kidney disease. Fortunately we had support from many. We partnered with Dr. Stuart Goldstein, who had recently completed the collection of data from children admitted to the pediatric intensive care unit in a study called Assessment of Worldwide Acute kidney injury and Renal Angina Epidemiology (AWARE). Leveraging these resources, we developed a web based data entry system for the AWAKEN study.

We outlined the most important questions we could answer through a multi-center retrospective study. One of the most important decisions we had to make up front was to determining the inclusion and exclusion criteria. Recognizing that many babies who are only in the NICU for a short duration (i.e., transient tachypnea of the newborn) do not get assessed for kidney disease, we chose to only look at infants who received intravenous fluids for more than 48 h as a key inclusion criteria. In addition we chose to only include infants who were admitted to our NICU\'s within the first 2 weeks of life, and we excluded those who had severe congenital heart disease requiring heart surgery within the first perinatal week, those who died within 48 h (as we could not assign them to having AKI or not), those with lethal chromosome anomalies, and those with severe bilateral congenital kidney disease. Of the infants who were admitted to the hospital, about 50% met inclusion/exclusion criteria. Thus, the AWAKEN study should not be generalized to all neonates, nor all who are admitted to the NICU; instead, the AWAKEN study can be generalized only to sick infants who need extensive support beyond 48 h after birth. The methods for the study were published prior to data analysis ([@B23]).

As of December 2019, we have published 13 original manuscripts from this cohort which we summarize in [Table 1](#T1){ref-type="table"}. We are planning additional manuscripts as we continue to pose and test specific hypotheses. All manuscripts have neonatology and nephrology representation, and most have a neonatologist and nephrologist as first and last authors pairs. Most first-author for these manuscripts have been led by early academic investigators, medical students, and fellows. The first four sets of questions (epidemiology, risk factors, fluid balance, and definition) were determined prior to the data abstraction and were led by the Neonatal Kidney Collaborative steering committee. The rest of the manuscripts below were developed via the secondary analysis manuscript process.

###### 

Original manuscript published as of January 2020 from the AWAKEN Study.

  **Author**        **Journal**                                                         **Article name**                                                                                                                                                                                **Summary of findings**                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                          **DOI**
  ----------------- ------------------------------------------------------------------- ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- ----------------------------------------------------------------------------------
  Starr et al.      American Journal of Perinatology, November 2019                     Acute Kidney Injury and Bronchopulmonary Dysplasia in Premature Neonates Born \<32 Weeks\' Gestation.                                                                                           Moderate or severe broncho-pulmonary dysplasia (BPD) occurred in 214 of 546 (39%) infants, while death occurred in 32 of 546 (6%); the composite of moderate or severe BPD/death occurred in 246 of 546 (45%). For infants born ≤ 29 weeks of gestation, the adjusted odds ratio (OR) of AKI and the primary outcome was 1.15 \[95% confidence interval (CI) = 0.47--2.86; *p* = 0.76\]. Infants born between 29 and 32 weeks of gestation with AKI had four-fold higher odds of moderate or severe BPD/death that remained after controlling for multiple factors (adjusted OR = 4.21, 95% CI: 2.07--8.61; *p* \< 0.001). Infants born between 29 and 32 weeks of gestation with AKI had four-fold higher odds of moderate or severe BPD/death that remained after controlling for multiple factors (adjusted *OR* = 4.21, 95% CI: 2.07--8.61; *p* \< 0.001).   doi: [10.1055/s-0039-3400311](http://10.1055/s-0039-3400311)
  Starr et al.      American Journal of Perinatology, November 2019                     Acute Kidney Injury is Associated with Poor Lung Outcomes in Infants Born \>32 Weeks\' Gestation.                                                                                               Chronic Lund Disease (CLD) occurred in 82/1,348 (6.1%) infants, while death occurred in 22/1,348 (1.6%); the composite of CLD/death occurred in 104/1,348 (7.7%). Infants with AKI had an almost five-fold increased odds of CLD/death, which remained after controlling for GA, maternal polyhydramnios, multiple gestations, 5-min Apgar\'s score, intubation, and hypoxic-ischemic encephalopathy \[adjusted odds ratio (OR) = 4.9, 95% confidence interval (CI): 3.2--7.4; *p* \< 0.0001\]. Infants with AKI required longer duration of respiratory support (count ratio = 1.59, 95% CI: 1.14--2.23, *p* = 0.003) and oxygen (count ratio = 1.43, 95% CI: 1.22--1.68, *p* \< 0.0001) compared with those without AKI.                                                                                                                                       doi: [10.1055/s-0039-1698836](http://10.1055/s-0039-1698836)
  Selewski et al.   Pediatric Research, September 2019                                  The impact of fluid balance on outcomes in premature neonates: a report from the AWAKEN study group.                                                                                            One hundred and forty-nine (14.8%) were on mechanical ventilation (MV) at post-natal day 7. The median peak Fluid Balance (FB) was 0% (IQR: −2.9, 2) and occurred on post-natal day 2 (IQR: 1,5). Multivariable models showed that the peak FB (aOR 1.14, 95% CI 1.10--1.19), lowest FB in first post-natal week (aOR 1.12, 95% CI 1.07--1.16), and FB on post-natal day 7 (aOR 1.10, 95% CI 1.06--1.13) were independently associated with MV on post-natal day 7. In a similar analysis, a negative FB at post-natal day 7 protected against the need for MV at post-natal day 7 (aOR 0.21, 95% CI 0.12--0.35).                                                                                                                                                                                                                                                doi: [10.1038/s41390-019-0579-1](http://10.1038/s41390-019-0579-1)
  Stoops et al.     Neonatology, August 2019                                            The Association of Intraventricular Hemorrhage and Acute Kidney Injury in Premature Infants from the Assessment of the Worldwide Acute Kidney Injury Epidemiology in Neonates (AWAKEN) Study.   AKI was documented in 22.2% (183/825) of infants and Intraventricular hemorrhage (IVH) in 14.3% (118/825). Infants with AKI (*n* = 183) were more likely to have IVH (26.8%, 49/183) than those without AKI (*n*= 642) who had IVH (10.7%, 69/642, *p* \< 0.0001). After controlling for 5-min Apgar score, vasopressor support within the first week of age, and gestational age, infants with AKI had 1.6 times higher adjusted odds to develop any grade IVH (95% CI 1.04--2.56). Furthermore, infants of gestational age of 22--28 weeks had 1.9 times higher adjusted odds to develop IVH (OR 1.87, 95% CI 1.08--3.23).                                                                                                                                                                                                                                     doi: [10.1159/000501708](http://10.1159/000501708)
  Charlton et al.   Clinical Journal of American Society of Nephrology, February 2019   Incidence and Risk Factors of Early Onset Neonatal AKI.                                                                                                                                         In over 2,000 patients, early AKI (≤7 days) occurred in 21% of neonates. Infants with early AKI had higher risk of death (aOR 2.8, 95% CI 1.7--4.7) and longer length of stay (7.3 days, 95% CI 4.7--10). Risk factors for early AKI are: outborn delivery; resuscitation with epinephrine; admission diagnosis of hyperbilirubinemia, inborn errors of metabolism, or surgical need; frequent kidney function surveillance; and admission to a children\'s hospital. Protective factors were: multiple gestations, cesarean section, and exposures to antimicrobials, methylxanthines, diuretics, and vasopressors.                                                                                                                                                                                                                                             doi: [10.2215/CJN.03670318](http://10.2215/CJN.03670318)
  Harer et al.      JAMA Pediatrics, April 2018                                         Association Between Early Caffeine Citrate Administration and Risk of Acute Kidney Injury in Preterm Neonates: Results from the AWAKEN Study.                                                   Of 675 preterm infants ≤ 33 weeks, AKI occurred less frequently in neonates who received caffeine than those who did not \[50 of 447 (11.2%) vs. 72 of 228 (31.6%), *P* \< 0.01\]. After multivariable adjustment, the number needed to treat to prevent one case of AKI was 4.3 and those receiving caffeine were less likely to develop high grade AKI (stage 2 or 3, OR 0.20, 95% CI 0.12--0.34).                                                                                                                                                                                                                                                                                                                                                                                                                                                             doi: [10.1001/jamapediatrics.2018.0322](http://10.1001/jamapediatrics.2018.0322)
  Kraut et al.      Pediatric Research, May 2018                                        Incidence of neonatal hypertension from a large multicenter study \[Assessment of the Worldwide Acute Kidney Injury Epidemiology in Neonates (AWAKEN)\].                                        Of over 2,000 infants, hypertension was documented in 1.8% and an additional 3.7% were defined as having undiagnosed hypertension. Hypertension was associated with a diagnosis of AKI and other risk factors for HTN were hyperbilirubinemia, Caucasian race, outborn, vaginal delivery, and congenital heart disease. Protective factors were small for gestational age, multiple gestation, and maternal betamethasone.                                                                                                                                                                                                                                                                                                                                                                                                                                       doi: [10.1038/s41390-018-0018-8](http://10.1038/s41390-018-0018-8)
  Kirkley et al.    Pediatric Research, August 2018                                     Acute kidney injury in neonatal encephalopathy: an evaluation of the AWAKEN database.                                                                                                           Of 113 patients with neonatal encephalopathy, 41.6% developed AKI. Risk factors for AKI were outborn, Intrauterine growth retardation, and presence of meconium at delivery. AKI resulted in longer hospital stays (8.5 days, 95% CI 0.79--16.2).                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                doi: [10.1007/s00467-018-4068-2](http://10.1007/s00467-018-4068-2)
  Selewski et al.   Pediatric Research, September 2018                                  The impact of fluid balance on outcomes in critically ill near term/term neonates: a report from the AWAKEN study group.                                                                        The median peak fluid balance was 1.0% and occurred on post-natal day 3. Multivariable models showed the peak fluid balance, lowest fluid balance in 1st post-natal week, and fluid balance on post-natal day 7 were independently associated with need for mechanical ventilation on post-natal day 7.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                          doi: [10.1038/s41390-018-0183-9](http://10.1038/s41390-018-0183-9)
  Askenazi et al.   Pediatric Research, December 2018                                   Optimizing the AKI definition during the first post-natal week using Assessment of Worldwide Acute Kidney Injury Epidemiology in Neonates (AWAKEN) cohort.                                      The absolute rise in serum creatinine of 0.3 mg/dL outperformed a ≥50% rise in serum creatinine during the first week of life for predicting mortality. The optimal serum creatinine thresholds to predict AUC and specificity were ≥0.3 and ≥0.6 mg/dL for ≤ 29 weeks gestational age and ≥0.1 and ≥0.3 mg/dL for \>29 week gestational age. The maximum serum creatinine value provides great specificity.                                                                                                                                                                                                                                                                                                                                                                                                                                                     doi: [10.1038/s41390-018-0249-8](http://10.1038/s41390-018-0249-8)
  Charlton et al.   Pediatric Research, December 2018                                   Late onset neonatal acute kidney injury: results from the AWAKEN study.                                                                                                                         *n* over 2,000 patients, late AKI (\>7 days after birth) occurred in 9% of neonates. Infants with late AKI had increased risk of death (aOR 2.1, *p* = 0.02) and longer length of stay (21.9, *p* \< 0.001). Risk factors for late AKI are: intubation, oligo- and polyhydramnios, mild-moderate renal anomalies, admission diagnoses of congenital heart disease, necrotizing enterocolitis, surgical need, exposure to diuretics, vasopressors, and NSAIDs, discharge diagnoses of patent ductus arteriosus, necrotizing enterocolitis, sepsis, and urinary tract infection.                                                                                                                                                                                                                                                                                   doi: [10.1038/s41390-018-0255-x](http://10.1038/s41390-018-0255-x)
  Jetton et al.     Lancet Child Adolescent Health. September 2017                      Incidence and outcomes of neonatal acute kidney injury (AWAKEN): multicenter, multinational, observational cohort study.                                                                        In over 2,000 infants admitted to the NICU on IVF for at least 48 h, 30% developed AKI based on the neonatal KDIGO definition. AKI varies by gestational age at birth: 48% for those born 22--29 weeks, 18% for 29--35 weeks, and 37% for babies ≥36 weeks. Babies with AKI have higher mortality (OR 4.6, 95% CI 2.5--8.3) and longer length of hospital stay (8.8 days, 95% CI 6.1--11.5) after adjusting for multiple confounding factors.                                                                                                                                                                                                                                                                                                                                                                                                                    doi: [10.1016/S2352-4642(17)30069-X](http://10.1016/S2352-4642(17)30069-X)
  Jetton et al.     Frontiers in Pediatrics, July 2016                                  Assessment of Worldwide Acute Kidney Injury Epidemiology in Neonates: Design of a Retrospective Cohort Study.                                                                                   Describes the formation of the NKC and establishment of the AWAKEN cohort and database---the largest most inclusive neonatal AKI study to date.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                  doi: [10.3389/fped.2016.00068](http://10.3389/fped.2016.00068)

The primary hypothesis for AWAKEN was that AKI was independently associated with mortality after controlling for numerous confounders. Using the Neonatal KDIGO AKI definition, we found that \~30% of the cohort had at least one episode of AKI. Interestingly, the incidence differed across the gestational age in a "U" distribution. The incidence of AKI was 43% in those \<29 weeks GA, 18% in those between 29 and 36 weeks GA, and 37% in the those \>36 weeks GA. Of the 605 infants with AKI, 59 (9.7%) died compared to only 20/1,417 (1.4%) who did not have AKI. Even after controlling for numerous confounders known to be associated with neonatal mortality, the adjusted OR for death in those that had AKI was 4.6 times higher the odds of death in those who did not have AKI. Furthermore, those with AKI had an adjusted 8.8 more hospital days compared to those without AKI ([@B1]). These relationships held true when we explored subsets of patients categorized by gestational age.

One of the unique parts of this study was that for the first time, we are able to compare the risk factors of AKI in neonates of different GA ranges, and in different time points of the hospital course. We published on these risk factor of early neonatal AKI (first perinatal week) where we showed how perinatal risk factors (maternal and infant demographics, APGAR scores, perinatal medications) are closely associated with AKI ([@B24]). Next we reported the risk factors of late AKI (after the post-natal week). After the first week, the perinatal factors are less as important in predicting AKI, but a previous episode of AKI, sepsis, surgery, and nephrotoxin medications are risk factors for AKI ([@B25]). For both of these timeframes, we describe the risk factors by different gestational age groups. Currently, we are also describing how anemia, hypoalbuminemia, and dysnatremias are associated with early neonatal AKI (presented as abstracts---not yet in press).

The impact of fluid balance in critical illness is one of the most important questions in critical care nephrology. Besides a few reports on neonates who required extra-corporeal membrane oxygenation and those who had cardio-pulmonary bypass surgery, there is a paucity of data on the impact of fluid balance and neonatal outcomes. The AWAKEN study allows us to explore these relationships as we show that different fluid balance parameters during the first perinatal week predict the need for mechanical ventilation at 7 days, even after controlling for multiple potential confounders in premature neonates ([@B26]) and in near-term/term neonates ([@B27]).

One of the most challenging aspects to the evaluation and clinical research on neonatal AKI is the complexity of interpreting the normal SCr patterns seen during the first perinatal weeks and the pragmatic approach to defining neonatal AKI. We use the AWAKEN database to show that different GA groups have different optimal SCr cutoffs at different timepoints after birth to predict mortality. In addition, we show that the addition of a percent rise in SCr does not add any important information to an absolute SCr rise in the ability to predict mortality. This has allowed us to propose a framework for future investigations in understanding how to diagnose neonatal AKI, which will need to be tested in other large clinical cohorts ([@B28]).

In a manuscript published in JAMA-Peds, we show that despite the fact that infants who received caffeine (commonly done to keep infants from needing to get intubated) were sicker, those who received caffeine had a much lower adjusted odds of developing AKI than those who were not exposed to caffeine (number needed to treat = 4.3) ([@B29]). Other ancillary studies include a report the association of AKI and Hypertension ([@B30]), a study showing the association between AKI and mortality in those with severe neonatal encephalopathy ([@B31]), the association of AKI and Intra-ventricular hemorrhage ([@B32]), the association of AKI and Chronic Lung Disease in premature ([@B33]) and near term/term infants ([@B34]).

Implications for the Future {#s1}
===========================

The AWAKEN study has allowed us to answer multiple previously unanswered questions, and has "AWAKEN\'ed" the field of Neonatal Kidney Disease. We have shown that AKI is very common in sick critically ill neonates, and those who have AKI have a much higher mortality risk than those without AKI. Thus, it is no longer acceptable for the medical community to say that neonatal AKI is rare and carries no sequalae. We have identified that caffeine may prevent AKI, which may have implications not only in neonates but for other populations. Furthermore, we have shown a wide disparity in evaluating for AKI using SCr, and not surprisingly, those centers who measure SCr often have much higher rates of AKI, suggesting a wide practice variation. We have described the potential consequences of impaired kidney function in the neonate (impaired fluid balance, blood pressure control) and its associations with chronic lung disease and intra-ventricular hemorrhage. Finally, this dataset allows centers to compare their current practice to the group as a whole as we provided center-specific data in relation to the AWAKEN cohort collectively.

Importantly, we have supported the ability for medical students, residents, fellows and young attendings to lead manuscripts, and participate in the project. We hope that this experience will stimulate their academic careers with an emphasis on neonatal nephrology, thereby enriching the field with talented, young academicians with strong mentors from the group. Importantly, AWAKEN has provided neonatologist and nephrologist interested in neonatal nephrology an opportunity to problem-solve, study, interpret data, and share ideas together. Finally, the answer to these questions stimulates researchers to ask the next set of questions and motivation us to improve outcomes in this vulnerable population.
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^1^[Supplementary Presentation 1](#SM1){ref-type="supplementary-material"} is a slide-deck used as part of a presentation on AWAKEN presented at the 3rd pAKI meeting in Cincinnati Ohio in October 2018.

**Funding.** Research reported in this publication was supported by the National Center for Advancing Translational Sciences of the National Institutes of Health under award number UL1TR003096. This content was solely the responsibility of the authors and does not necessarily represent the official views of the National Institutes of Health. Finally, the AWAKEN study at the University of New Mexico was supported by the Clinical and Translational Science Center (CTSC, NIH grant UL1TR001449) and by the University of Iowa Institute for Clinical and Translational Science (U54TR001356). AWAKEN investigators at the Canberra Hospital were supported by the Canberra Hospital Private Practice fund, and investigators at University of Virginia Children\'s Hospital were supported by a 100 Women Who Care Grant (100 Women Charitable Foundation, CA, USA).

Supplementary Material {#s3}
======================

The Supplementary Material for this article can be found online at: <https://www.frontiersin.org/articles/10.3389/fped.2020.00021/full#supplementary-material>

###### 

Click here for additional data file.

[^1]: Edited by: Rupesh Raina, Akron Children\'s Hospital, United States

[^2]: Reviewed by: Sidharth Kumar Sethi, Medanta the Medicity, India; Aftab S. Chishti, University of Kentucky, United States

[^3]: This article was submitted to Pediatric Nephrology, a section of the journal Frontiers in Pediatrics
